We propose and demonstrate a broadly wavelength-tunable mode-locked Ho 3+ /Pr 3+ -codoped ZBLAN fiber laser operating in the 3 μm mid-infrared spectral region based on a semiconductor saturable absorber mirror. Wavelength selection is realized by rotating a plane ruled grating. The fiber laser exhibits stable continuous-wave mode-locking operation over a wide wavelength tuning range of 34 nm (2842.2 nm~2876.2 nm), with a 10.17 MHz repetition rate and 22 ps pulse duration. Stable mode-locked pulses can be maintained until the launched pump power of 1.25 W. Maximum average output power of 127.7 mW and the corresponding pulse energy of 12.56 nJ are achieved. To the best of our knowledge, this is the first demonstration of a wavelength-tunable mode-locked fiber laser operating in the 3 μm spectral region. Such simple, robust, and versatile mid-infrared picosecond laser source can find various applications in laser surgery, spectroscopy, and nonlinear frequency conversion. Problems and prospects," J. Opt. Technol. 77(1), 6-17 (2010). 44. X. Zhu and R. Jain, "Watt-level 100-nm tunable 3 μm fiber laser," IEEE Photonics Technol. Lett. 20(2), 156-158 (2008).
Introduction
Wavelength tunable lasers emitting light around 3 μm have attracted great attention owing to their wide variety of applications in spectroscopy, laser surgery, remote sensing, missile countermeasure, frequency metrology, light detection and ranging (LIDAR), and nonlinear mid-infrared photonics [1] [2] [3] [4] [5] [6] . Compared to other types of lasers, fiber lasers feature favorable characteristics such as outstanding beam quality, good heat dissipation, high conversion efficiency, and compact structure. Efficient laser emissions at wavelengths around 3 μm were demonstrated in Er 3+ [7] [8] [9] [10] , Ho 3+ [11] , Ho 3+ /Pr 3+ [12] [13] [14] , and Dy 3+ [15] doped fluoride fibers. Tunable sources in both continuous-wave (CW) and pulsed operation have been successfully achieved. To date, wavelength-tunable Er 3+ -doped ZBLAN fiber lasers operating in the CW regime with a maximum output power of 11 W (2770~2880 nm) [9] and with the broadest tuning range of 160 nm (2670~2830 nm) around 2.8 μm [10] Nevertheless, ~3 μm wavelength tunable pulsed lasers with peak powers some orders of magnitude higher than that in the CW regime are highly demanded for nonlinear wavelength convertors and medical applications, such as cardiovascular surgery, vitreoretinal surgery, and dental tissue ablation [17] [18] [19] [20] [21] [22] . To achieve flexible pulses with μs-or ns-pulse duration, various approaches including gain-switching [23-25] and Q-switching [26-30] have been utilized. Utilizing a pulsed pump source, we demonstrated a wavelength widely tunable gainswitched Er 3+ -doped ZBLAN fiber laser around 2.8 μm. The stable single-pulse gainswitched laser pulses can be tuned over 170 nm (2699 nm~2869.9 nm) for various pump power levels [25] . Very recently, we demonstrated a five-watt passively Q-switched Er 3+ -doped ZBLAN fiber laser that could be tuned over a wavelength range of 90 nm from 2762.5 nm to 2852.5 nm [31]. Compared to gain-switched and Q-switched lasers, mode-locked lasers offer much higher peak powers and shorter pulse durations in the ps-or fs-level that are in great demand for a wide variety of applications such as mid-IR nonlinear wavelength conversion and medical surgery, where high-energy/peak power is essential, and shorter pulses are preferred. So far, many mode-locked fiber lasers operating at ~3 μm have been reported, mainly based on nonlinear polarization evolution (NPE) technology [32, 33] -doped ZBLAN fiber laser at a relatively large range of high pump powers and improved the output power to 1 W [37]. Unfortunately, all the mode-locked fiber lasers in the 3 μm spectral region operate at fixed wavelengths. For some practical applications in less-invasive and high-precision laser surgery (such as ophthalmology and neuro-and cardiosurgery), selective excitation, spectroscopic sensors, and nonlinear frequency conversion, wavelength tunability of mode-locked lasers are highly demanded [43, 44] . Tunable mode-locked fiber lasers at ~3 μm with flexible output wavelengths, high radiation intensity and relatively low pulse energy at high repetition frequency will open up new possibilities in an increasing number of applications.
In this work, we demonstrate the wavelength tuning in a Ho 3+ /Pr 3+ -codoped ZBLAN fiber laser that is mode-locked with a SESAM. A plane ruled reflectance grating is used to provide wavelength tunability and cavity feedback. By rotating the plane ruled grating, we obtain a tuning range of 34 nm spanning from 2842.2 nm to 2876.2 nm, while keeping the laser operating in the stable CW mode-locking regime. The stable and self-starting mode-locking regime is characterized by the high optical signal-to-noise ratio (SNR) of ~60 dB and is maintained over several hours. This is the first demonstration, to the best of our knowledge, of the wavelength tunable mode-locked fiber laser operating around 3 μm. The schematic diagram of the wavelength tunable passively mode-locked Ho 3+ /Pr 3+ codoped ZBLAN fiber laser using SESAM is shown in Fig. 1 . The laser from two commercially available high power 1150 nm diode lasers (Eagleyard Photonics, Berlin) was coupled into the gain fiber after polarization multiplexing via a polarized beam splitter (PBS) and focused by a 1150 nm anti-reflection coated ZnSe objective lens (focal length: 6.0 mm) acting as the collimator for the light out-coupled from the gain fiber core as well. A dichroic mirror between the PBS and the ZnSe objective lens was placed at an angle of 45° with respect to the pump beam to direct the laser output. The gain fiber (Fiberlabs, Japan) was a piece of doublecladding Ho 3+ /Pr 3+ codoped ZBLAN fiber doped with 3 mol. % Ho 3+ ions and 0.25 mol. % Pr 3+ irons. It has an octangular pump core with a diameter of 125 µm and NA of 0.5 and a circular core with a diameter of 10 µm and NA of 0.2. The selected fiber length of 9.0 m could provide >90% pump absorption efficiency. In this system, the front fiber end was perpendicularly cleaved providing ~4% feedback and worked as the output coupler, while the rear end was angle cleaved (~10°) to eliminate the influence of the Fresnel reflection. Two anti-reflection coated ZnSe objective lenses were used to collimate and focus the emission from the angle cleaved fiber end onto the SESAM. The GaAs-based SESAM (BATOP GmbH) is designed to operate at 2800 nm with an absorbance of 12% and has a relaxation time of 10 ps. Wavelength tuning was realized by rotating a plane ruled grating (450 lines/mm, blazed at 3.1 µm, 88~91.5% reflectivity at 2.8~2.9 µm) placed in the laser resonator as shown in Fig. 1 . The average power of the output laser beam was measured with a power meter (Laserpoint) after passing through an IR bandpass filter (Thorlabs, FB2750-500). An InAs detector with a response time of 2 ns was connected with a 500 MHz bandwidth digital oscilloscope to record the pulse temporal waveforms. A radio frequency (RF) spectrum analyzer (YIAI, AV4033A) was used to measure the RF spectrum of the pulses. A monochromator with a scanning resolution of 0.1 nm (Princeton instrument Acton SP2300) was utilized to measure the optical spectrum. Figure 2 shows the output power as a function of the launched pump power. It is observed that the output power increases almost linearly with the launched pump power at a slope efficiency of 11.2%. CW operation started at the launched pump power of approximately 60.7 mW. As the launched pump power was increased to 106.2 mW, Q-switched mode-locked (QSML) pulses were generated, as shown in Fig. 3(a) . The Q-switched mode-locked pulses have a large Q-switched envelope with a duration (defined as the full width at half maximum (FWHM) of the single Q-switched pulse envelope) of approximately 2.6 µs, with sharp features at a 10.17 MHz repetition rate that matched the inverse of the round trip time of the cavity. As the pump power was steadily increased to 617.9 mW, the repetition rate of the Qswitched envelope also increased from 23.7 kHz to 114.9 kHz while the pulse duration decreased from 2.6 µs to 700 ns. Figure 3(b) shows the typical QSML pulse trains at the launched pump power of 504.3 mW. The repetition rate and pulse duration were 98 kHz and 0.9 µs, respectively.
Experimental setup

Results and discussion
For launched pump powers higher than 617.9 mW, the laser immediately self-started to a stable CWML regime. The transition from the QSML regime to the CWML regime is highlighted in Fig. 2 . The end of the light gray region, where the Q-switching repetition rate drops to zero, marks the transition point. This mode-locking operation was sustained up to 1.25 W of launched pump power and output average power of 127.7 mW was obtained. Stable modelocking operation at 127.7 mW output power could be sustained for over 3 hours. Higher output power could be achieved by increasing the pump power, but strong CW components and multiple-pulsing tendency could not be restrained. When the launched pump power was lower than 1.25 W, no multi-pulse or harmonic mode-locking was observed. The typical modelocked pulse train measured by the oscilloscope at the launched power of 856.8 mW is shown in Fig. 3(c) . The inset of Fig. 3(c) shows the temporal pulse train in CWML regime at a scanning span of 70 ms. We can see that the laser produced mode-locked pulses at 10.17 MHz repetition rate with no amplitude variation. It is worth mentioning that a pure Q-switched operation was not found. However, if the saturable absorber was displaced slightly away from the focus of the laser beam, Q-switching was observed, in accordance with previous reports [34,38]. In order to understand the stability of the mode-locking operation, we measured the RF spectra of the pulses, as shown in Fig. 4 . The fundamental beat note at 10.17 MHz measured with a resolution bandwidth of 10 kHz within a 20 MHz span, exhibited a high SNR of 60 dB. The inset of Fig. 4 shows a 100 MHz wide-span RF measurement of the pulse signal. Two RF spectra with a high SNR and the absence of any specious modulation indicate a stable singlepulse CWML operation without unwanted multiple pulsing and Q-switching modulation. The optical spectrum was measured during the CWML regime. Figure 5 plotted the optical spectrum of the laser at the launched pump power of 856.8 mW. The spectrum has a FWHM of 1.5 nm centered at 2853.4 nm. The optical pulse duration was measured with a home-made autocorrelator, as shown in Fig. 6(a) . Two-photon absorption in an InGaAs photodiode was used to detect the autocorrelation signal. To prevent residual pump light and background noise, an IR bandpass filter (center wavelength: 2750 nm, FWHM: 500 nm) was placed in front of the InGaAs detector. An optical beam chopper and lock-in amplifier were used to accurately measure the weak two-photon signal generated from the InGaAs photodiode. A digital oscilloscope was connected to the lock-in amplifier to record the autocorrelation trace. The autocorrelation trace for pulses at the launched pump power of 856.8 mW is shown in Fig. 6(b) . The FWHM was calculated to be 34 ps. Thus, the mode-locked pulse duration was deduced to be 22 ps, based on a sech 2 -shaped pulse which provided the best fit to the data. The time-bandwidth product was calculated to be 1.29, which indicates that the mode-locked pulses were not transform limited. The pulse lengthening was most likely because that the pulses were chirped by dispersion in the fluoride fiber. By introducing dispersion compensating components to administrate the net dispersion, shorter mode-locked pulses are expected. By rotating the plane ruled grating placed in the laser resonator, the central wavelength of the CW mode-locked pulses was continuously tuned. The wavelength could be continuously tuned at a pump power above the threshold of 617.9 mW. Considering the stability and the tuning range of the mode-locked laser, we chose a moderate pump power of 856.8 mW and investigated on the tuning characteristics. Up to 34 nm tuning range (2842.2 nm~2876.2 nm) with the output powers varies from 97.6 mW to 74.2 mW was obtained experimentally at the launched pump power of 856.8 mW. It is well known that in order to realize mode-locking, the following condition must be satisfied: E p 2 >E sat, L E sat,A ΔR, where E p is the intra-cavity pulse energy, E sat,L and E sat,A are the saturation energies of the used gain fiber and SA, ΔR is the modulation depth of the SA. According to the low intensity spectral reflectance versus wavelength of the SESAM provided by the manufacture, the SESAM's low intensity reflectance almost linearly decreases below 90% when the wavelength comes to 2842.2 nm, which made the modulation depth ΔR too large to initiate mode-locking according to ΔR = A 0 -A ns (A 0 : absorption, A ns : non-saturable loss and A 0 = 1-R (R: low intensity reflectance). As for 2876.2 nm, the cavity's gain became not enough. So the tuning range was limited in 2842.2 nm~2876.2 nm to realize stable modelocking operation.
By replacing the SESAM with a gold mirror in the same configuration, no pulse operation could be achieved no matter how to adjust the gold mirror. The CW laser could be tuned over 52 nm from 2841.8 nm to 2894 nm by rotating the plane ruled grating. In the laser cavity, the SESAM provided both robust self-starting and strong pulse shaping mechanisms to ensure the stable mode-locking. In the future, it is worthy trying a wider-spectral-range SESAM with flatter reflection to achieve continuous wavelength tuning over the entire spectral gain bandwidth in one compact fiber laser configuration. It's worth noting that the use of an in-cavity grating limited the pulse bandwidth, and hence the peak power was limited. However, for certain applications such as nonlinear frequency conversion, not only precise wavelength adjustment but also high peak power is required. This wavelength-tunable picosecond midinfrared fiber laser can be used as a practical seed source for further power amplification. Further boosting the output power by introducing additional amplifiers utilizing the master oscil-lator power amplifier (MOPA) system is underway. Much higher output power and/or energy pulses can be expected by using a MOPA system to boost the pulses.
Conclusion
In conclusion, we have demonstrated a widely tunable mode-locked Ho 3+ /Pr 3+ -codoped ZBLAN fiber laser at ~3 μm based on SESAM with a linear cavity design. The wavelength selection was realized by rotating the plane ruled grating. In the stable single-pulse regime, the average output power of up to 127.7 mW at 10.17 MHz repetition rate was achieved, resulting in a single pulse energy of 12.56 nJ and peak power of 503.5 W. The central wavelength of the passively mode-locked laser could be tuned in a wide range of 34 nm from 2842.2 nm to 2876.2 nm. This is, to the best of our knowledge, the first wavelength tunable mode-locked fiber laser in the 3 μm MIR spectral region. Such flexible fiber laser has the advantage of large tuning range at the 3 μm band and may find versatile applications in laser surgery, spectroscopy, and mid-infrared supercontinuum generation and mid-infrared pumpprobe experiments. 
